Abstract-This paper discusses intensively the design considerations for the fractional slot axial flux permanent magnet synchronous (AFPMSMs) in order to work efficiently in the constant power speed range, also known as the field weakening (FW) region. The dominant parameter in the constant power speed region is called the characteristic current which equals the ratio of the magnet flux linkage over the synchronous inductance (−ψ m /L s ). Several machine parameters is affecting the characteristic current including the machine geometry and the winding configurations. In this paper, the effect of many of these parameters on the FW has been discussed; including the outer diameter, inner to outer diameter ratio, magnet size, slot opening width, slots per poles combinations,and the multi phase configurations for the Axial flux permanent magnet synchronous machine (PMSM). Two main governors are considered to evaluate the parameters' impact on the machine overall performance; the rated machine efficiency and the torque to weight ratio at the highest values. Selection of these governors is application driven where these governors are the most influencing factors on the axial flux PMSM design. The results of the present analysis show that the fine tuning of the discussed machine parameters would derive the motor to work in the required Constant Power Speed Region (CPSR) keeping the required high efficiency and torque to weight ratio. A previously proved analytical model has been used in this study to overcome the highly time consumption in the finite element model (FEM).
I. INTRODUCTION
A Xial flux permanent magnet synchronous machines (AFPMSMs) are one of the best choices in several applications, such as the hybrid electric vehicles [1] and wind generators [2] . There are several types of the AFPMSM's [3] . Thanks to the absence of the yoke in the machine, the yokeless and segmented armature machine (YASA) shown in Fig. 1 has a very high efficiency and torque density. These advantages support this type of motors to be the most selective machines over several types for such applications [3] .
Working in a wide constant power speed region (CPSR) is highly required for many applications especially the electric vehicle as well as the wind energy applications [3] - [6] . CPSR ratio is usually used to define the ratio between the targeted high speed to the rated speed, this ratio is application dependant. The CPSR ratio varies from (2:1) [7] up to (10:1) A. Hemeida, M. Taha, and P. Sergeant are with the Department of Electrical Energy, Systems and Automation, Ghent University, Belgium. (e-mail: a.hemeida@ieee.org; mohamd.taha@cu.edu.eg, p.sergeant@ugent.be). M. Taha is also with the Electrical Power and Machines Department, Cairo University, 12613 Giza, Egypt.
in some literatures like [8] , [9] and may be even higher. The optimal flux weakening characteristic can be achieved by the synchronous reluctance motors, surface PMSM (SPMSM) or Interior PMSM (IPMSM) [10] . The Axial Flux Permanent Magnet Synchronous Machine (AFPMSM) shown in Fig. 1 is considered as a surface mounted Permanent Magnet Synchronous Machines. [11] , [12] The analysis of the surface PMSM in the CPSR has been done in several literatures [10] , [13] [14] [15] . Analysis of the PMSM has concluded that assuring that the characteristic
) is lower than the rated current should guarantee a "theoretical" infinite CPSR. This ratio is quite dependant on the machine parameters like the inner diameter, the outer diameter, the slot opening, and the magnet size. To perform this study, a fast and an accurate appealing results were needed. Analytical models developed in [16] - [18] are capable of obtaining the complete machine parameters in an accurate and fast way. These parameters include the terminal voltage, torque, PM losses, stator core losses and inductances. These models are verified against the FE model. This model is used to check the selected parameters' impact on the characteristic current. For the sake of comparison, the machine's rated power, speed and torque are constant in all cases. This paper will be organized as follows; first section will discuss the basic equations for the CPSR operation in the AF-PMSM, in this section the key factors during the FW operation will be highlighted to be discussed in the remaining sections.
978-1-4799-8900-3/15/$31.00 ©2015 IEEE2 Second section to discuss the basics of the analytical model to be used for the motor parameter analysis and design procedure. The remaining sections will discuss the impact of each selected machine's parameter on the key factors highlighted in section II.
II. AXIAL FLUX PMSM SIMPLIFIED MODEL
In [14] , the SPMS motor lossless equations are shown, these equations could be used for the axial PMSM as described below;
The machine's voltage and current limits could be described by the following equations;
Where; V d and V q are the direct and quadrature voltage components respectively, I d and I q are the direct and quadrature current components respectively , V r and I r are the machine's rated current and voltage respectively. ω is the electrical angular speed .ρ is the number of pole pairs. ψ m is the permanent magnet flux linkage . T is the electromechanical torque.
Drawing (4) in the d-q plan will represent a circle centered at the origin with a radius equals to the rated current. To represent the voltage limits over the same graph, substituting from (1) and (2) in (5) will result in (6) . (6) could be reformatted as shown in (7) Figure 2 shows the infinite CPSR, where the I c < I r , on the other hand Fig.3 shows the finite CPSR where I c > I r . In case of the finite CPSR, the maximum speed (n m ) that could be reached by the field weakening is shown in Fig.3 , at which the voltage circle radius is ((
From the above discussion, it can be concluded that the characteristic current is the key parameter to determine the machine capability to work in the FW region. 
III. ANALYTICAL MODEL
In [16] , [17] , the developed circuit model is capable of obtaining several machine parameters and it has been proved that this model would be a better choice for a fast design tool for the AFPMSM due to the fast appealing results of the model within a very good accuracy compared to the FE results.
This model is based on a combined solution of Maxwell's equations and Magnetic Equivalent Circuit (MEC). Maxwell's equations are used to solve the magnetic flux density in the air gap area. Stretching the machine to the 2D has been used assuming each layer thickness is t cp . The developed Maxwell's equations are based on assuming infinite permeability core in the material.
Three sources are used to model the machine. Firstly, the permanent magnet (PM) axial (B yII pm ) and circumferential (B xII pm ) magnetic flux density are obtained. Then the magnetic flux density for the current distribution (B xII c ) and (B yII c )in the space for fractional slot concentrated windings are ob-tained accordingly. Finally, the slotting effect is included using Schwarz-Christoffel transformation described in [19] .
These source fields are used afterwards to excite the magnetic equivalent circuit described in [16] . The result of this analytical model includes the magnetic saturation in the iron core described by the MEC. It was shown in this paper that the accuracy obtained in the calculation of core losses, torque and terminal voltage is highly motivated compared to the time consumed by the FE models.
Another circuit model described in [17] is used to solve the eddy currents flowing through the PM's. The idea behind this model is also based firstly on obtaining the flux density solution on the volume of the PM. These flux densities are reconstructed on the complete volume of the PM. In a consequence, these values are used to excite the resistance network that is capable of estimating the eddy currents on many slices in the axial direction of the PM. Finally, the PM losses are obtained accordingly.
The main advantage of the analytical model that it is geometrical independent. The parameters can be changed in an easily way and the solution could be obtained afterwards in a fast way. It is also possible to change the number of slots and poles combinations for any value with any number of phases.
The number of slots and poles combinations are chosen to avoid the un-symmetry in the mechanical distribution of slots in space to avoid the magnetic pull force. This is more demonstrated in [20] , [21] .
The basic design concept is based on obtaining a certain combination for the slots and poles for certain number of phases for a certain outer diameter. This outer diameter is obtained initially according to [22] . It was proven mathematically that the optimum inner to outer diameter ratio is 65 %. This value could be changed slightly to achieve the optimum design. The PM axial length and width is determined according to the air gap flux density required in the space. The Number of turns are assumed to be unity and a current of one amp's is injected in the model including maxwell's equations and MEC. Then the voltage at no load is anticipated for one turn and according to the required phase voltage, the number of turns are determined. The required power determines the amapacity of the machine. The tooth width is determined according to the required flux density inside the stator teeth. The slot axial length is calculated based on a maximum current density of (2 A/mm 2 )in the slots. Table I shows the initial parameters for the 5KW machine, these parameters are not fulfilling the required CPSR ratio of 5. The current ratio of the machine is 1.3. Last column shows the testing values used in this study to change the FW capability of this machine.
IV. OUTER DIAMETER IMPACT In Fig. 4 .a, the intersection point between I c and I r creates a vertical line that segregates between the finite and the infinite region. It is quite clear that working with infinite CPSR for this machine would result in a lower efficiency at the rated operating point. Accordingly, to keep the highest efficiency with the field weakening capability, the finite CPSR should be selected in this case. As a consequence, the maximum reachable speed should fulfill the application requirements from the speed and efficiency point of view. As an example, the selected maximum speed is chosen as five times the rated speed (n m = 2500 * 5 = 12500rpm). This would result in an efficiency of 95 % at rated speed and an outer diameter of 1.25mm as shown in Fig. 4 a. From Fig. 4 b, the impact on the torque density has slightly changed due to the reduction of the total axial length of the machine. As a conclusion, keeping higher efficiency would require a certain CPSR limit. A CPSR ratio of five is selected in this case as an example. In order to Reach a value greater than 5, the outer diameter should be chosen smaller to keep the permanent magnet flux value lesser. In consequence, the required number of turns will increase and the total cupper losses will dramatically increase reducing the total efficiency of the system. Fig. 5 a the intersection point between I c and I r creates a vertical line that segregates between the finite and the infinite region. However, in this case the finite CPSR is located on the left side from the intersection line. This means that increasing the inner to outer diameter ratio would enhance the CPSR capabilities. On the other hand, the efficiency would get worse. Similar to the previous case; the impact on the torque to weight ratio could get worse as shown in Fig. 5 b as the inner to outer diameter ratio get increased. The inner to outer diameter ratio would reduce the PM flux linkage and in consequence the total number of turns would increase to keep the same torque value. Figure. 6 a and b, shows the impact of changing the slot opening width in working in the the CPSR . It could be drawn that increasing the slot opening would reduce the leakage flux and in consequence, the inductance would reduce too. This reduces the maximum reachable speed. The efficiency and torque density values are slightly affected by the change. This would conclude that achieving the infinite CPSR based on changing the slot opening is quite difficult in this case, on the other hand the finite CPSR could be selected based on the required efficiency. Figure 7 .a and b show the impact of changing the PM width on the maximum speed ratio, efficiency and torque density. It is quite clear that magnet width increasing would result in a higher efficiency and lower CPSR ratio. This would conclude that changing the magnet width could be sufficient in case of working in the finite CPSR. Figures 8 and 9 show the impact of different slots and poles combinations, described in Table II , on the efficiency, maximum speed ratio, torque density, and cogging torque.
VII. MAGNET WIDTH IMPACT

VIII. NUMBER OF SLOTS AND POLES COMBINATIONS IMPACT
According to the graph 8, at each combination the machine efficiency, I c and ( capabilities for the FW. However few combinations only could achieve this with higher efficiency, combinations 1 and 3 are good examples for that. It can be concluded from the graph also that combinations with less difference between the number of slots and number of poles (i.e: 1 and 3) would provide a FW capabilities with high efficiency. This would conclude that selecting the best combination of the number of slots and poles could be a perfect choice if there is no any conflict with any other parameter. As an example Fig.9 shows a sample of such conflicts. In this figure the impact of the selected combination on the cogging torque is shown. From this figure, combination number 7 could be the optimum choice from the efficiency, FW, and low cogging torque points of view.
I. Table III . These combinations could be summarized as below;
1-High efficiency with very limited CPSR, this is clearly shown in combination 1 and 4 as examples.
2-High efficiency with finite CPSR , but the maximum reachable speed is higher than the previous example, this is clearly shown in combination number 2. Poles/Slots Combinations From Fig. 11 , the impact on the cogging torque at each combination is quite clear as well.
I. 1  8  10  5  2  10  8  4  3  10  12  6  4  10  14  7  5  12  16  4  6  12  10  5  7  12  14  7  8  14  8  4  9  14  16  4  10  14  10  5  11  14  20  5  12  14  12  6  13  14  16  8  14  14  18  9  15  16  10  5  16  16  20  5  17  16  14  7  18  16  18  9 X. CONCLUSION In conclusions, The analysis shown in this paper could be used during the design phase of the axial flux machine for high speed applications. The analysis shows a group of key design parameters that could be utilized to enhance the field weakening capability of the axial flux machine keeping the rated machine efficiency and torque density high as much as possible. The impact of the design parameters on the overall characteristic current (flux linkage and the inductance) has been discussed rather than the impact on the machine inductance only. This concept has widen the design scope rather than considering the change in the machine inductance only. It has been shown that the dominant parameters affecting the Poles/Slots Combinations design constraints are slots and poles combinations, number of phases, and slot opening. It can be concluded from the proposed study that considering a high speed operation range could be achieved by selecting the proper value of a certain parameter based on the design curves taking into account the other machine constrains like the machine efficiency and the torque density.
